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DESCRIPTION OF A TRANSIENT THERMAL ANALYCIS
_PROGRAM FOR USE WITH THE METHOD OF ZONES

.y SUMMARY
3 677
A program has been written (and from time to time modified) to
solve numerically the differential equations which arise when the method
of zones* {g used to construct a mathematical model of the thermal
behavior of a physical system. One particular feature of the program is
that a number of checks are incorporated to improve the confidence in the
input data and the results. Another feature is the use of an integration
parameter, specified in the input data, to give control over the implicit

integration procedure used.

A description of the problem and the checking procedures is
firat given in this report. Then the detsiled specifications of the

input dataare discussed, gnd a sample problem presentaed,

The outputs, both on-line and off-line, are Jdescribed. Finmally,
the full details of the program, including a catalogue of tha storsge

contents, the FORTRAN codiung, and the flow charts, are given as apyondiceg.
g I

Fed g AL o

GCENERAL DESCRIPTION

The transient thermal analysis program, TTA, is a FORTRAN program
designed to solve a system of ordinary differential equations of the form

4ar
4 1
g:aiJGTj +§Bi3'rj+'}’i+‘61-a€-0 (1)

which arise in heat transfer problems involving conduction and radiation.

"The Mathod of Zones for the Calculation of Temperature Distribution,"
by P. P. Strong and A. G. Emslie, Report to Jet Propulsion Laboratczy,
July, 1963.
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In addition to solving the equations, the program is designedl
to carry out certain checking procedures end to print the results of these
checks. The principal checks are a last for the conszrvation of energy in

the complete system and a test for the consistency of the input data.

To test the conservation of energy, the qusatity Bs is computed

from the formula

t
. . _ 4
By ‘;351‘1“” £ B, T,(t) ff ¥,
- o
t t
4 {
- E g oT, dt - L g T, dt (2)
. s T % 1J ¢ by
o (2]

and priated along with the temperatures Ti as the calculation progresses.
If the computation were pe.fecily accurate, Es should be zero at all times.
In practice, of course, one requives that BS be small. Other Juantities,

such as the total energy stora2d in the system

E =28 Ti(” (3)

and the negative of the total enmergy intc the system
t

LI ?kjn v, 4t (%)
)

sre slso printed in ovrder to provide numbers thet can bs comparsd with xs.
The quanzity 'p als0 serves to indicate when s system has reached the end
of & transient, and :in is to be used to check that the input power is
correctly computed.

To test ths consistency of the input data, row and column sum
checks arc made on the matrices {o&j} and {515}; The rov sums

Acthur BRige! 9 .
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ara calculated for all values of i and test.d to be zmall in magritude.
Anf sums over toleranc. are printed out. Also thz column sums

Sz ™ ? to, - a (7

aze calculated for each value of j and tested to be small in maganitude.

Any column sums over tolerance are princed. The signs in the summetions
of Equations 7 and 8 sre the same as the signs of the disgonal elements

Oyq OF Pyy-

Finally, the average power into sach zone, ;;, 1aqaicu1atedand
printed. 1In the case of periodically varying power inputs; the average
power over a period is part of the input data, so that ?; can be suto-
matically checked. The total average power input is also calculated and
printed.

While most of the priuting is naturslly done off-line, a few
quantities are printed on-line so that the calculation can be terminated
right at the start if the input data are faulty. The quantities printed
are the number of equations read into the machine, the number (and type)
of sum checks that failed, . he number of periocdic power fnputs with the
wrong average level, and the total average power input,

It is to be noted that the method of solving the difference
equations corrcsponding to the differ:ntial equations (1) requires that a
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diagonal element be in every row of the matrix {lu&j! + | ﬁ,j]} or Lf
{0&3} and {311} have only zeros in a certain row, that the corresponding
8i be non-zero. The progrem checks to make sure that this reguirement is
satisfied and sutomstically omits the solution of the equations {f the

raquirement is not aatisfied.

A rumber of other checks on the format of the input data are
made. These are all trivial and are best described by reference to the
detailed fiow charts.

The ordinary differentiai equations (1) cam be solved only when
starting temperatures Ti(O) are given. In certain equations (i.e., the
Joining equatione), howevar, the quantity 61 is zero. In that case, the
corresponding value of Ti(O) must be calculated so that all the joining
equations are satisfied initiaslly. The progrsm automatically carries ocut
this calculation before proceeding with the main computation.

The fundamental units used in the program are determined by the
units of the Stefan-Boltzmann constant and are power (watts), temperature
(degrees Kelvin), and iength {centimeters).

INPUT DATA

The input data consist mainly of a sequence of card images on
magnatic tape. The data for several problems may be placed in succesgion
on & single tape and followed by an end-of-file record. Under sense
switch control, it is possible to read in certain information on cards
via the on-line card reader. Por the purpose of this description, however,
we shall assume all data to be on cards as they might be before card-to-
tape conversion.

A single problem consists of the following:

I. A heading card. This is an alphanumeric title to be printed on each
sheet of output for {dentificarion and description.

ol Bisthe Fue.



II. A series of cards containing numerical information describing the
differential equations to be solved. Tiis series of cerds is divided into
sets, each of which describes a single equation. The format for all of
these cards is tne same, and in FORTRAN notation is 15, F10.3, F10.3, 15,
15. A decimal point is customarily used in the two F-type fields so as

to permit full flexibility. The first three fields contain the informa-
tion needed to solve the problem, and the last two fields contain identi-
fication numbers. The identification in the fourth field is *he equation
nunber and the identification in the fif¢th field 8 a serial number withia
the set of cards describing an eq.ation. The information in the first

thrae fielde in a single set of cards is deacribed below.

A. The first card contafrs the equation number i in the first fieid,
the quantities o and ﬁi in chie second and third fields, repectively, as
required for use in Eguation 2.

B. A series of cards comes next to give view are 3, weighted Londuct-

anzes, and power -aputs which determine B Bij’ and Yi ror a single value

o'
1]
of 1 in Equation 1. These cards are of two types:

1. 7The first type of card contains the quantities j, aij’ and
ﬁij in tha first three fields. The indices j may be in any order and a
a‘ngle index may be repeataed wore than once if desired., If an index is
repeated, the view arcas gnc conductances given will be summed by the

computer.

2. Th~ second type of card is used when a power input is to
be specified. A power input may be either constant or vary periodically.
In the case of a constant power, a singie card is needed: the first two
fields are zerv and the third fleld contains the negative of the applied
power. In all equations which contain input powers, it is required that
the diagonal elements oii and ﬁii Le positive; otherwise the conservation
of ensrgy check (Equation 2) will fail, 1In case the p.ser varies period-

ically, the powe: must br tabulated as a function of time over the perind

Arthur D. Nitele Ine.
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on a mesh which is fire enough to permit the use of the trapezoidal rule
to integrate the power over cvime. The cards used for describing a

periodic power gre:

8. A card which concains a zéro in the first field, the
period in suita'le units of time in the seccond field, and the avecage
power in the third field. 1If the power is an injut power, the third field
must be negative. The average power given will! be used as a check when

the data are read into the machine,

b. A series of cards which tabulate the power as a fuanction
of time. The first field is zero, the second field contains the time, and
the thifd field contgins the power. The third field must be negative 1%
the power is an input power. The first time given must be zero, and the
last time must be equal to the specified period. In case a discontinuity
in power occurs, the time at which it occurs must be repeated, and the

two values of power given.

C. The last card of each equation contains the negative of the
equation number in the first field, the thermal mass 81 in the next field,
and the starting temperature in the last fi2ld. The starting temperature
will be interprcted as a first approximation to the solution of the joining
equations if the thermal mass is zero, and will be uszed as a starting tem-
perature for a zone if the thermal mass {8 not zero. The starting terper-
ature may alsc be supplied in another way, and may be om§tted in this card.

This will be fuliy discussed later.

IIXI, A blank card to terminate the data on the zones.

IV. One or more coutrol cards. The contyol cards contain nine fields,
vwhose €ormat is, in PORTRAN notation, F5.2, E10.1, F10.3, I5, I3, Fi0.3,

F10.3, 15, P5.2. Decimal points are customarily used in ali F-type and
B-type fields.

Zcthur B Ristle Ine.
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The first field, ¥5.2, containsz the acceleration factor used
in solving the systems of simultaneous equatious and i{s generally taken

to be in the.range 1.2 to 1.6,

The second field, E10.1, contains a toierance which determines
when the iterations for solving the system of simultanecus equations are

to be terminated.

The third field, ¥10.3, :ontains the time increment to be used
in solving the differential equatious.

The fourth and fifth fields, 15, contain intagere which specify
the frequency of off-line and on-line print-outs, respectively,

The sixth field, F10.3, contains the mnaximun value of time for
which the problem is to be run before reading another control card.

The seventh fi{eld contains a starting temperature or gero, If
a starcing temperature is specified (and it must be ¢ the first control
cazd), this starting temperature will be used for all eones excopt for
thoss which have already had a starting temperature specified under IXI-C
atove. If the sterting temperature punched in the second or later conivol
card ia gero, the computation will contirue with the most recent tempers-
turss a¢ startiag values but with any new parameters (e.g., time interval,
acceleration Ffactor, etc,) as specified by the new control card. 1f on a
sscond or later control card the starting temperature is not zero, tha
computation will be restarted from time zero with the new parameters
specified by the control card.,

The eighth field, 15, specifies the largest value «f the index {.
Since some indices may be omitted, the number in the eighth field will be

preeter thaa or equal to the nuuber of equaticns to be solved,

The ninth field, F5.2, contajns the integration parameter Q.

Arthur B Xitcde Ine.,
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V. The last card s a blank card which, when read in place ¢t a normal

control card, causes the computer to proceed to read in dats for the next

problemx.

The carde just described are vead in as card images from mag-
netic tape. Urder control of sense switch three, however, conirol czrds
can be read in from the on-line card readex. A blank card read i this
marner causeg the computer t:= skip any control cards that remain on tape

and go on to the next prchlen.

For the sgke cf {llustration, we present the data for a simple
problem. Imagire that we wigh to calculate temperatures in three plates

arranged e£s shown in Figure 1. Let us suppose that zone 2, with mean

Figure 1. Thres plates, thermaily coupled
I, radiation and conduction,

temperature Tz, has a conductance of 1.5 wutts per degree K, and is re-
ceiving a constant p.ver input of 4 watts. We will also suppose that its
area is 50 cm2 and that the view area between zones 2 and 4 is 12 cm .
The temperature T, is “n b2 determined so that edge 1 is adiabatic.

1
Zores 2 and 4 enjoy a common edge temperature T3.

Arthur D Nittle, Inc.
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We will let zone & have a conductence of §.7 watt per degree K,
and have an area of 100 cm2. The view area between zones & and 5 will be
assumed to be 36 cmz. We will assume a power inmput, Pa, to zone & to be
a squaie wave of 10 watts lasting for 33 minutes, repeated every 110

minutes.

Zonz 5 will be assumed to be a zone of constant temperature with
= o
TS 300°K.

The thermal masses of the zones must also be specified. The
usual units of thermal mass are joules per degree K, but in our work we
have found it convenient to specify the time interval in minutes so we use
watt-wim.tes per degree K instead. We will let the thermal messes of

zones 2 and & be 3.0 and 8.0 watt-minutes per degree K, respectively.

The zone equatiouns can now be written.

1.5(6T, - 4T, - 2T,) = 0 (9)
4 4 4T,
1.5(12T, - 6T, - 6T,) + 1000T," - 1207, - 4 + 3 2 = 0 (10)
L.5(6T, - 4T, - 2T)) + 0.7(6T, - 4T, - 2T,) = 0 (11)
0.7(12%, - 6T, - 6T.) + 2000T,% - 120T.% - 360T.% - 2, 1 eiT—‘l-o (12)
(1125, - 6T, - 674 4 " <% T 5 4 TP
4T
5 -~
=2 =0 (13)

We will let the starting temperatures of gzones 2 and 4 be 280°K and 290°K,

respectively,

The data for these equations, in the form required by the program,

are given in Table I.

Arthur B Nittle. Inc.



TABLE 1

THE INPUT DATA FOR THE SaAMPLE PROBLEM OF THREE PLATES

65

60

50

45

? 25 30 35

15

10

THE EXAMPLE OF TIREE PLATES

MM T AR NNFTNDOANACION T VINO NN A NAZT AL ONRS O rd O
N [+ (-] 4 N (-}

Pt el et e e NN NN NNT O NNCIOG T T TT T TSI TN

0000000000001%000 8&.02427_AJ0000008Q
o~ [ | 2 3

OOOGOnvOGOOOA 000000000000000000900
0OOOO?OOOOOZ«JOOOOOOOOSO062003
0 . 0 Q...-..An 331-.“

”

3
0.
8.
-36.
1.

1..21..31-;6‘213049&323143r)qﬂ»643520OOQ.VOIN.SR”

4

blank car

0.6

5

300.0

1100.0

11

1.0-02 10.0

i.6
Ylaak caxd

Asthur B Aittle Ine.
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The data on the first cards for the sets giving “juations 2, 3,
4, and 5 were arrived at by considering the net flux out of the system
4

A .
- 2T,) + 880T,  + 18%0T, - 36cT’ (14)

Q 5

= 0.7(6'24 - 43

out 5

QUTPUT DATA

The bulk of the output consists of the time histories of the
various temperatures. One page is printed off-line for each time interval
specified on the control card. It consists of three lines of heading
followed by pairs of index numbers and temperatures up to the highest
number specified by the control card.

The first heading 1line is simply the alphanumeric heading infor-
mation supplied on the first card of input. The second line zives the
contents of the last contrcl card read. The third line shows the vslues

of time, Ep, Es, and B as defined in Equations 3, 2, and 4, respectivaly,

in
as well a8 the total number of iterationse used in solving the systems of

equations since the lsst on-line print.

Before th2 sclution te the problem is printed, iaformatfion about

the input datas is recorded. The off-line print consistz of
1. Toe heading,
Z. The total average power for each equatios {unless zevo),

3. The equation number and suwm of the elements ¢f any rows
whose sum is over tolerance., As shown in Bquations 5 and 6, SR is used
to donote the sum of radiation terms and S, is sued to denote the sum of

C
conduction terms,

4, & line of prin: which gives the number cf equations reed in,

N, the number of row sum failures, N

E and N, for radiation and conduction,

R C

Avthur . Little Ine,
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respectively, the number N,, of periodic powsrs with incorrect average

level, and P, the total average power to the system.

T}
5. The column number sund the sum of the eiements of any

columns whose sum is over tolerance. A8 shiown in Equations 7 and 8, CSR

is used to denote the sum of radlation terms and 5. is used tc donste

C
the sum of cvonduction terms.

6. A line of print giving N and N which are the nuxbers

cse CSR’
of column sum failures for conduction and radiaticn, respectively.

The on-i.-. print-outs are as follows:
1. The heading for the problem,

2. Any card images with the wrong equaticn number in field 4,

3. The quantitiaes NE’ NR, Nc, NP’ and ?T a8 given in No. &
above,
4. The numbers NCSC and NCSR as given in No, 6 above,

5. A print.-out of equaticr nwmbers lacking disgonal elements,
6. A print-out if ro integration pavameter is supplied,

7. A print-out of all control cards as they are reed in eithex

from tape or card reader,
8. A print-out of any negative starting temperatures encounirered,
9. A print-out of the residual after evary fifty iterations

during the solution of the joiniug equations for the start-

fng temperatures,

Avthur B Tittle Iue.
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10. The values of time, E?, and the number of iterations

ES’ Ein
since tiie last cn-.ine print of this type.

DESCRIP™ION OF FLOW CHARTS

The flcow charts ~rc shown on pages C-1 to C-10. in drawing them
up, we have departed slightly from conventional motaztion and have adnered
closely to tha FORTRAN n-taticn. Ia particular, we have used the equal
sign and tne word IP ar they are used in the FORTRAN language. The numbers
attachad to the boxes of ~he flow chart are the svatement auubers used in
th2 coding. The symbola "RIT' and "WOT" are short for "Read Input Tape"
an? "Write Ourput Tape", respectively. The symbo! "S5" stands for “sense
switch.”

The portion of the program on pages C-1 and -2 is to read in
the headiug and the numerical informaticn on the equations to be solved.
Row sums are computed and checked, and any over tolerance gre printed out,
In addition the average power for eachi zone is calculated (and checked in
the case of periodic pcwers) and (he totsl average power is calculated,
For all cerd images read in, a check is made to see that the proper

equation number i35 in field 4,

On page C~3 1s shown the print-out of some check quan.ities
just calcuiated and ths method of calculation of column sums. Also shown

is the lest for the existence of some diagonal! element (aii’ 311’ or 81).

On page C-46 is shown tiie check of the column sums, the print-
out of the number of failures, the rrad-in of the control card image from
tape (& test is made to insure that the integration parameter is supplied),
the set-up of the iritial temperatures (with a check against negative tem-
peratures) and s call to subroutine FIFI. This subroutine, shown on page

C-10, calculates fﬁi and fli given by the relations

Arthur B> e, Juc.
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fai = At aii (15}

£ 'aAtBu'ff) (16}

11 i
where ¢ is the integration parameter

At 18 the time increment.

The portion of the program on pages C-5 and C-6 is to calculate
E {0) and the initial values of temperatures whose derivatives do not
explicitly appear in the given equations (i.e., the joining equaticns).
tyuder control of SS5 the whole course of the solution may be printed off-
line; in casz convergence is not obtained, a new control card may be read
in from the on-line rard reader under control of S83. In case a particular
quartic cannot be solved, SS4 may be used to force the cowputer to stop
the iterazion and test 883, Note that a blank card read in under this
conditlon will terminate the attempt to solve the problem currently set
up in the machine and cguse the computer to read in the next problem for

solution without having to read in the coding anew.

The program on page C-7 is mainly to calculate, at the beginning
of each time step, the quantity
At
g 4
fo14 (1-oz)Ac§,Lanrj () +8,, T ()] + } v (e - 5T (8) (17)
t

Two other quantitiee, uged in the overall erergy check, are also computed.
On page C-8 are shown the flow charts for the calculation of

quantities used in the energy balance, the on-line print of time, Es, Ep,

etc., and the off-line print of headings and temperature data, which takes

place just before the time is incremented.

The main {teration sequence to solve the equations at the new

time starts after the time {8 incremented and is shown on the lower half

S TR
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of page C-B (below bex No, 99) and on page C-9.

Shown on the lower half of page C-8 is the test on the residual
R to terminate the iteration and the calculation of Ep at the end of the

time interval. Also shown is the calculation of

-« o a
foag 7 K PByy Ty(6H) ¥ oy o, (e) (18

The quantity f024 is calculated with the latest approximations to
Tj(t+h). This calculation is the firet step in the solution of the

equations at the new time.

Or page C-9 the cai.aistion of the residual and the solution of
the fndividual equations are chown. The uses of SS3 and S84 are to read

in a2 new control card as before.

Finally, on page C-10, are shown two simple subroutines named
FIFI and GIGI. 3ubroutine FIFI ie to compute fat and fli as noted earlier,
and subrouv...c GI3L is to carry out an integration needed to compute
+AL
Yi(t) dat.

Arthur B Nittle, Iunc.



-

A-1

APrENDIX A. CATALOGUE OF STORAGE CONTENTS

In order to facil®tate a detailed study of the flow charts and

coding, a drief catalogue of the contents of the named storage locations

as they appear on the fluw charts and a description of certain critical

parts of the flow chart will now be given. An asterisk is used to label

storage locations useu for more than one purpose.

NE {s the number of equations counted in the input.

*NR is the number of row sums (radiation) which are non-zero.
NC is the rumber of row suxs (conduction) which are non-zero.
RP3AR is the number of periodic powers with incorrect averages.
K is an index used for proveeding through the input data.

WT is the total average input power for the problenm.

XM i8 an array contailning the thermal masses (61),

J is an index.

I 18 an array containing the first field of {nput data.
A is an array containing the cacond field of inguat data.
B is an array containing the th‘rd field of input data.
JQ contains the fourtn field of input data.

JQl contains the fifth field of input data.

I1 is thz equation number.

The test on I(K) in box 5 is to sense the blank card at the end of the

SR 18 the row sum, radiation
SC is the row sum, conduction.

W is the input power for a single equationm.

The test on I(K) in box 10 is to sense power inputs and the end of the
equation.

data.

Acthur D .Xirst; Bne,
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TAU is the period of a periodic powerx.
WB is the specified sverage power.
WS is the average power computed for checking.
CSC is an array containing column sums (c>nduction).
CSR 1s en srray containi.g column sums (7 adiation),
CON is & control, normally zero, but set equal to unity if any diagonal
elements are missing.
*Kl i{s an index used to go through the input data to find the diagonal
element,
SG is rhe sign of the equation, as determined by the sign of the diagonal
element.
REL is the acceleration factor ured in the reiaxation process,
TOL is the tolerance to be satinfied in solving the equations,
DT1 is the time increment, At.
KWF is the write frequency (i.e., for off-line printing).
KPP is the print frequency (i.e., for on-line printingj).
TIM ie the maximum time *o which the solution is to be carried.
TB is the beginning temperature from the control card.
KSIZE is the maximum v alue of equation number I11.
AL 18 the integraticn pavameter Q.

The test on TB ir box B2 is to determine whether the temperatures should

be set to their initial values and the time reset to zero, or not.

The flow chari beginning with box 56, page C-4, and ending with the transfer
to boz. 67, page 3-7, is to set up the initial temperatures gnd et

time equal to zero.

T 18 en array convaining the temperatures.

T1 is the time.

EZ is Ep(O).

EN is the net change in energy {r» one time step; f.e.:
t T

: 4 . ' -
ff(aiﬂi BT, )et - i:f rdt

t-AL t=At

Arthue B Xutle Ine,
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EIN is & Y.dt.
5 i

t
EP 1is Ep(t}.
*NR is the number of iterations between on-line printouts,

T4 is an array containing aTia.

KPC i8 a counter to control on-line printing.

R3 is a residual used in solving the joining equationa.

L is an index for off-line printing.

KXC is a counter to control on-line printing during the soiutlon of the

joining equations.

GC is the coustant term in a joining equation.

Gl is the coefficient of Ti in a joining cquation.

G4 is the coefficient of 0T14 in a joining equation.

I2 i3 an index.
*T1 is an approximation to the root of the equation g, + 81T + gaaTA =,

v is the Stefan-Boltzmann constant, 5.6686 watts cm.z(deg K)'A.
DT is the correction to Tl obtained by Newton's method, and is also used
fcr the correction to T1 indicated in each fteration.
t
EIN2 is the integral };f‘fidt at the present time t.
t-At

P2 is the integrand % oicTiadt + Z Biridt at the present time t.
i i

¥Ol is an erray countaining the quantities fOIi defined in Equation 17.

DTC is the quantity (1-Q)At.
TI1l is the remainder of TI weodule TAU.
*Kl is anindex used to retain the location in storage of the beginning of

the tabulation of a pervicdic power.

Avthur B.Nistls due.
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TI1l is the lower limit of ¢ panel over which the input power is irntegrated
by the trapezoidal rule.

TIU is the upper limit of a panel over whick the input power is integrated
by the trapezoidal rule.

WI {8 the integral of the input power over one panel (computed by susroutine
GIGI).

EINI is the same as EINz except EIN! is for the previous time t-At.

DT3 is one half the time increment used at the previcus time t-At.

ES is B, defined by Equation i.

S
R is the residual computed to determine when the equations at one time ars
satisfied sc that the cslculation may proceed to the next time.

FO2 ie the number £ defined in Equation 18,

02i
Pl is the same as P2 except Pl is for the previous time interval.

DTA is the quantity QAt.
FO0 is the constant term in an equation; 'amPOZi + f011 - fo.

Fl i{s an array containing the coefficient of '1‘i in an equation.

¥4 is an array containing the coefficients of uTiA in an equation.

Rl is the quantity fo + f1T1 + fastia.

*T1 is an approximate solution to the equation Rl = 0.
R2 is the derivative of Rl with vespect to '1'1 for use in Newton's method

of solving quartic equations.
DI2 is 3At.

™™ is the arithmetic mean of TIL and TIU.
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APPENDIX 5: COPY OF THE CODING

ANL PFS  TRAKRSIENT THERMAL ANALYSIS Tra-2¢ aTH SEPT 1963

XEQ
LiSY
AQL PFS TRANSIENT THERMAL ANALYSIS TTA-27 4TH SEPT 1963
DIMI LION H(12),XM{ 300 ,;1{5900},A{5500},8(5500).CSC1300},LSR{300)
DIMENSION T4{300¥,F4(300),F11300),F21{300)
COMMON XMy 1gAsB,0T2,F4,F1,TILTIU WI K,DTL4AL,DTA
DIHENSION V{”70)
1000 FORMAT { 1245
1001 FORMAT { 1Hl, 12A8)
1002 FORMAT (I5:;Fi0.3,F10Ge3,1i58419)
003 FORMAT {1HO,13,2F15.£,215,4H EC [5)
1004 FORMAT {S5HO E£Q IS,6H 3R = Fl5.6)
1305 FORMAT {1HO, 35X, 4H EQ I5,6H SC = F15.6}
1006 FORMAY (1iHO, TOX, 4H EQ 15,6H P = F15.5)
1007 FORMAT (1HO, 40X, &H EQ 5, TH TAU =F15.5,84 PHAR =F15.6)
1608 FORMAT{ 10HO NE =I5,7H NR =15.74 NC =15,47H NP =15,
1} TH PT =F15,61}
1069 FORMAT (5H0 EQI4,184D0ES NOT CONTAIN T[4}
105G FORMAT {(6vG COL la, 7T CSC =F15.6)
1011 FORMAT (SHO COL 14, TH CSR =F15.6)
£012 FORMAT ¢ IHO NCSC =[4, 9H NCSR = {4)
1013 FORMAY (F5.2,E10.1+F10.3,15,15,F10.3,F1C.3,15,F5%,.2)
1014 FORMAT {(6M0 TI = FO.2,7H EP =E15.8,7H ES =E12.5,TH EIN =
1014¥E12.5,7H Nl= 15)
1015 FORMAT { SHOREL=F5.2, 6H 10L=£8.1, SH OT=F5.1y SH WF~l4,
1 sH PF=j4,TH TIMX=F3,1,5H TB=FTF.1,7H SIZE=74,8H ALPHA=F53.2)
1018 FORMATIIHO I33FTe23i59FT702,10.F7.2,15,F7.2,15,F7.2,
1 199F a2 l5sF a2 15, FT1.2,15:5T742415,F7,2)
1017 FORMATLLITHO J. EQNS. RES = £ 11.4)
1 READ INPUT TAPE 9, 1000, (HiJ), J=1,12}

NE = D

NR = O

NC =0
NPBAR = O
K =1
WY = 0,

00 2 4 = 1,300
2 AM{J) = 0.
WRITE QUYPUT TAPE 6, 1001y (H{J), J=1,12)
PRINT 1001, (H{J), J=1,12)
3 READ INPUT TAPE 9, 1002, 1{K}, A{K), B8{K}), JQ, JQI}
I1 = 1K)
IF { HIKY ~ JQ ) 4, 55 4

4 PRINTY 1003, 1(K), AtK), 8{K). JQ, JQ1, [l
5 IF ( LEKR) ) 7y 64 7
T SR = -A{K)



1¢

11

&
-

16

17
18

19
20

13
14

12
21

22

23
24
25
26

21
28
29
39
32

33
35

31
34

SC = Q0.

% = C.

X = K +}

HE = NE #1

READ IMPUT TAPE 9, 1002, I{K}), A{K}, B(K}, JQ, Qi
iIF (I} - JQ ) 9, 16y 9

PRINY 1003, I{X), A(K}: B{K), 4Q, JQ1, il

IF ¢ i) Y 11, 12, 13

XM{Iyl} = A{K)

K = K¢i
IF (ABSF{SR) - 0.001) 17,17,16
NR = NR +1

WRITE OUTPUT TAPE 6, 1004, i1, SK
[F (ABSF{SC) - 0.00001) 19,19,18
NC = NC # }
WRITE QUTPUY TAPE 64 1005, 11, SC
IF ( W} 20, 3, 20
WRITE OUTPUTY TAPE 6, 1006y 11, W
HY = RY + W
60 Y4 3
SR = SR + A{K}
SC = SC + B(XK)
K =K # 1
60 TU 8
IF ( Al{¥} ) 22, 215 22
W= W+ B{K)
60 10 14
= A{K)
= B(K)
= X + 1
READ INPUY YAPE 9, 1002, (X}, A(K}, 8]}, JQ, JOQIl
IF ¢ 11— JQ) 23; 24, 23
PRINT 1503, I{Ki, A(K), B(K}, JQ, SO}, {1
IF { AtX)})} 25, 26, 25
PRINY 1003, I(K), Ai{K), BE{K), JQ, JQ1l, 11
K = K +1
READ INPUTY TAPE 9, 1002, I(K), A{K}, B(K), J4Q, JQl
IFL 1Y ~ JQ) 27, 28, 27
PRINT 1003, I(K), A{K), B{K), JQ, JOQIl, il
IF ( A(K} - A{K-1} )} 29, 30, 30
PRINY 1003, 1(K), Ai{K), B(K), JQ, JQ1, I}
IF ( 1(K) ) 31, 32, 31
WS = WS +{(Bi{X) ¢ B{K-1))s (A(K) - A{K-1))}e» 0,5)/TAU
IF ( ALK} - TAU) 26, 33, 26
IF { ABSF ( vB ~WS ) ~ 0.01) 35, 35, 24
W= W& WS
G0 10 14
PRINT 10€3, 1tKiy A{K), BIK), 40O, JQ1, Il
WRITE DUTPUT TAPE 64 1007, 11, TAU, WS
NPBAR = NPBAR + 1
GO 10 L4
PRINT RTO084NE NRyNC ;NPBAR,NT
WRITE GUYPUT TAPE 691008, NEJNR,NCNPBARGNT



23 avrath aTAt ey proy PRy

I s,

Py

[RY ]

#R

Bty

T MAIOA [ $TSiee

prsahiry

00 36 J=1, 300
CSC (4} = 0.
36 LSR {J4) = 0.

NC3C = 0
NCSR = 0
CON =0
K =1

37 IF { I{K}) 39, 38,

39 4 = BtKg

33

CSR{J) = CSK{J) - A(K)
CSCiJ} = CSCLd? ~ B{K]}

Kiz K +# }
40 1F{ 1{Kl} } 116,

41, 61

1is IF(ALKLYY 117, 42,
)y IF ( $(X1) ~ 1{K}) 43, &4,

43 K1 = K1 +1
G 16 40

117

43

G4 1% { AE{K1) + Bl K1} ) 45, 46, 46

45 SG = ‘lo
GO T 47

48 SG = 1.

47 K = X 41

1IF { 1{K) } 48, 417,
42 WRITE QUYPUY TAPE 6, 1009,

PRINT 1009, I[(K),

coM = 1.
117 K = Ki
48 K = K+1

60 T0 37
£9 J = 1K)

49

[{K}

CSREJY = CIR{J) + A{K)e SG
CSC{J) = CSC{d) + BiK)e SG

GO TO 47
38 D0 50 J= 1, 200

1tK) e 1K)

IF (ABSF(CSC{J)) - 0.00001) 50,50,51
S1 WRITE DUTPUT TAPE 5, 1010,

NCSC = NCSC +i}
50 CONTINUE
0O 52 J=1, 300

Jr CSCLI)

IF {ABSF{CSR{J})} - 0.001) 52,52.53
53 WRITE OUTPUT TAPE 6, 1OC11,

NCSR = NUSR + 1
£2 CONYINUE

WRITE QUTPUT TAPE 6, 1012,

PRINT 1012, NCSC,

54 READ INPUT TAPE 9,
501 PRINT1015, REL, TOL, DYI,

IF { KSIZE ) 55,

55 IF{CON) 54, 82,
56 K = 1

57T IF { 1I{K) } 58,
58 I1 = LK)

6l K = Ko}

IF { 1K) ) 62y

le
5S4

59,

61,

NC SR

Je CSR{ )

NCSC, NCSR

1013, REL, YOL. OVTl, KNF, KPF,

55

58

&1

KWFo KPF,TINM,YTB,

KSIZE,

TIM,TBoKSIZEHAL
AL



62 IF {(B(K}} 151,64,63
1591 PRINT 1019,11,8(KX)}
019 FORMAY { 23HONEGATIVE TEMPERATURE TiS, 2H =§7.2])
63 T{11l) = ABSF(B(K]}}
K= K¢l
60 10 57
64 T{Il} = ABSF{78)
K= K+l
GO 19 57
59 11 $PRY)
60 EZ O.
EN = C.
IF {T18) 152,152,193
152 PRINT 1020,73
1020 FORMAY { 2S5HONEGATIVE TEMFERATURE YB=F7.2)
153 CONTINUE
00 65 Jd=1l, KSILE
65 EZ = €1 + T4} & xM{J}

M

CALL FIF}

€p = EZ

NR = 0

YI = Q0.

KPL = KPF

KHC = KWF

KXC = 0

123 K = 1
XKXC = X)C + %

IF{SENSS S#ITCH 5! 149,150
149 WRITE QUTPUT TAPE 6,41001,1H{3},Jd=1,12])
WRITEF OUTPUT TAPE 6,1018,REL,T0L,K3
1018 FORMAT(1HO,; 5SH REL= F6.3, SH TOL=EB.1l,6H KRESI=E14,6)
WRITE OQUTPUY TAPE 6,1016,1(L;s TEL))},L~=1,KSE2E)
150 CONYINUE
fF{KXL - 50} 147,148,148
148 PRINT 1017, R3
KXC = 0
147 CONTINUE
R3= 0.0
H 124 IFELLKY) 125+4126,125
! 125 i1 = I{K)

GO = 0.0
. 6l = 0.0
] G4 = 0.0

127 Kk = K + 1]
IFLI(KY) 128,129,130

1 128 IF{A(K}) 131,132,131
z 131 K = X ¢ ]
GO 10 124

: 129 IFIA(K)) 133,154,133
| 154 60 = G0 + &!K)

+ 60 10 127

_ 133 TAU = A{K)

; GO = GO + BIKe+l)
E 3



[

L VL

il oY

.mwnn 20

_QK\'G »y

134

130
135

136

126
137

139
138
132
140
142

143

145

144
146

14%

67

66
&8
69
71
12

13

1%

76

K = K + i
IF{ALK) - TAU) 136,127,134
IF(EEKY - It} 135,136,135

{2 = t{K}
G0 = A{K]) ® 5.6686E-12 #(T{;i2)se4)} + (O
GO = BIK) & T{I2} ¢ GO

GO 10O 27

G4 = ALK} + L&

Gl = B{X} ¢ Gl

GO YO 127

IFESENSE SWITCH 3) 137,138

READ 1013, REL, TOL, D71, KuWf, KFF, TIiM, ¥B, XSIiIf, AL
PRINT 1015, REL: 10L, DTi, KWF, KPF, Tii4, TB, KSIZE, AL
PAUSE

sF{REL) 123,139,123

READ INPUY TAPE G, 1013 ,REL

[F{REL) 139,1,139

IFIR3 ~ TOL) 67,467,123

iF{G4) 140,141,140

T = ¥(i1}

07 = {G0 + Tl #2161 +5.6686€E~12 2 (G4={Tins3)}))/
1{0) ¢ Z22.6T44E~-12 o({G4 o{Tlsed}}}

i = ABSF{TYI -~ GV

IF{A8S5FI0T) ~ 0.34: 143,143,144

DY = Vi ~ Tiil}
83 = R3 + ABSF{DYTI

TéE1Y = TU}1) + REL # OV

IFLTL11)) 145,145,131

T{14) = ABSFIT1)

GG TO 131

{FISENSE SWITCH 4) 146,142
PRYSE

GO 10 126

i = - GGG

G0 TU 143

ciN2 = 0.

P2 = G,

K= }

0 &6 J= 1, KSIZE

TalJdl = S,.6686E-12 #{1{d) ex 4}

20 68 J=1, KSIIE

FOlid} = Q.

IF { 1{K) } Tl, 70, 71

i} AT

P2 P2 ¢+ ALK) = T&4{I1) + BiIK} « T{I1)
K = K+1

iF { IiK} ) T3, 74, 75

¥ = Kt}

FOR(IE) = FOLCIL) —~ XM(ELl) e T({11;

60 YO 69

12 = {{K)

DYC = DTY -~ OTA

IF { ALKY } T6, 77, 76

FOl411) = FOL{I1l} 4 OYC e A{K) » T4(I2?

nou
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7
78

80

81

2

82
84

83
T4
&5

115

86
37

88
89

21

90

92
93

70
9%

95
96

IF { BIK) } 78, T2, 78

FOL{I1) = FGLULIl) « OTC » B{K)} » T(12)
GO 10 72

Pl = P2

EIN1 = EIN2

g = 3,

Dr3 = DY2

DO 81 4 = 1, KSI2E

EP = EP + T(J) » XM{y)

IF (SENSE SWITICH 3 )} 79, 67

READ 1013, RfL,s YOL, OVIs KWF, XPF, TiM, THB, KSIiZE, AL
PRINY 1015, REL, TOL, DTl, KWF, KPF, TIM, T8, KSIZE, ul
PAUSE 77

iF { XSI1Z2E v 82, 83, 82

IF { T8 ) Se, 84, 56

CALL FIF!

GO YO 67

READ INPUTY TAPE 9, 1013, REL

IF{REL) 83, 1, 83

IF{AIK)) 115,85,11%

FCLU{ILl} = FOl{Il}) + OVl o t{K)

EIN2 = EIN2 + DTI » BIK)

60 10 72

TAU = A({K)}

TIl = §1 =~ FLOATFIXFIXF(TIZA{K)})) & A(K)
Kl = K¢}

K = K¢}

IF { TI1 - A1K)) 875 84, 86

TiL = 111

K=K-1

IF { Tii+ DTI - A(K+1l) ) 89, 89, 90
Tiu = TIle+ DY§

CALL GiIGH

FOX{17) = FOILI1) + Wi

EIN2 = EIN2 + ¥l

K = K+l

IF { A(K) - TAU]} 91, T2, 91

TIU =  A{K+}1)

CALL GIGH

FOL0IL) = FOLL11) + Wi

EINZ2 = EIN2 + Wl

K = K+l

IF { A(K) -~ TAU} 93, 92, 93

Tt = Ti1 - TAU

K = K1
TIL = A(K)
60 YO 88

IF(TI) 94,95,96
EN = EN - 2.eDT3#{(l. ~ AL)OPL ¢ ALcF2} - EINI
EINSEIN + EIN1

IF ( KPC - KPF ) 97, 96, 9%

ES = EZ + EN ~ EP

PRINY 1014, Vi, EP, ESy EIN, NR

KPC = 0
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97
98

99

236
101
102
104
103
105
107
108

106
120
122
109

t.l

i1¢

1i2

113
114

119
1i8

NR = 0

IF { KWC -KWF } 99, 98, 98

WRITE OQUTPUT TAPELLl, 1001, (H(J), J=1,12)

WRITE QUTPUY TAPELLl 1015, ,REL ¢TOL oDV yKWF  XFFaTIV, TB,KSIZE, AL
€S = ELZ + EN -EP

WRITE DUTPUTY TAPELLl, 1014, T!, EP, ES + FINs NR
WRITE QUTPUT TAPELL,s 1016,8(L,y TIL) )y L2§,KSIZE}
KNC =0

IF{TI - TIM) 99,54,54

¥i = 71 ¢« DT}

KHC = KNC +1]

KPC = KPC +i

K =1

R = 0,

IF ( 1¢{K} ) 103, 102, 103

IF { ARSFI{R) - TOL ) 80, 80, 104

NR = NR +1

GO YJ 100

Il = [{K)}

£02 = 0O,

K = K¢}

[F ¢ 1(K}) 1065 105, 107

iF ¢t J¢(K) ~-i1' 108, 105, 108

2= 1{K}

FO2 = BiK}e T{I2) + AIK) © T4(I2; ¢ FO2

60 10 105

CONRTINUE

FO = FO2 = DTA ¢ FOL{1I1)

iFWF4{I1}) 109,110,109

Rl = FO ¢« F1(J1l)e T{I1) + FG(ll) & T4(]1})

TL = T(il)

R2 2 22,6744E-12 » F4{I1)eiT]l #s3) + FI(IL)
DY = RI/R2

TI = ABSF{TlI - OV)

RI = ID & 71 & { FLUIL} ¢ (Tlew3) & S5,468LE~12 « F4(11))
IF(ABSF{DT: -0.06) 112,112,119
Rl = FO + Fliil,s T{1I1)

T1 5= ABSF { FO /7 FI(ILl))

IF (SENSE SWITCH 4) 118,112

oV = %} ~ T{il)

R =z R ¢+ ABSF(DT)

T¢I1) = T{I1l) + REL » 07

I { TCI1l)) 113, 113, 114
T€11) = 11

T4{11) = 5,6686E-12 » T{Il)eay
K = K¢}

6O 10 101

IF (SENSE SWITCH 4) 118, 1lil
PAUSE

IFLSENSE SWIYCH 35 79,54

END (l1e1,0,51,1)
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SUBROUTINE FIF]

DIMENSION H(:12),XM{300),1(5500) yA(5500) 48{5500),CSC{300),CSKR{300)
UIMENSION T4{300),F4(300},F1(300),F01(300)
COMMON XM, [ oA ByDT2,F4,Fl,TIL ,TIU,WI V0TI AL,UTA
DI2 = 0.5 » DT}

DTA = AL » 0V}

K =1

IF { HIX) ) 1y 2, 1

RETURN

I1 = [tK)

F4i{ll) = Q.

F1{Il1} = O,

K = K¢l

IF { I(K} ) 4y 64 6

FL{I1) = FL(1t) + XM(Il)

K= K¢l

GO 10O 3

IF ¢ (K] - 1 ) 3, 7, 3

FL(Il) = Fa{ll) ¢« CTA « A(K)

Fl{I1) = F1(I1) ¢+ DTA s B(K)

60 10 3

END (1,1;0,21,1)
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LIST
SUBRIOUTINE G161
DIMENSION H{12) XM{3001,5{5500}+A15500),8{5500}),CSC{300),CSR(300)
DIMENSION T41(300),F4{300),F1{300},F0L1{300)
COMMON XMool oAsBoDT2, F& FLloTEL s TIUSWI K DTI,AL,DTA
IF { AIK) - ALK+1)) 1,4 290 1
%l = O,
RETURN
TN = 0.5 ¢ { T(L + TIU)
Wi = {({ TIU-TIL) & {((A(K+l}) —~ TMI®B({K) ¢ (TM —A(K))eB(K+2)}) /
1(A(K+1) ~ A{K))
RETURN
ENDIL1,1,0,1,01)
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po

(St'e{i@ c-1

NE = O
¥R = ©
NC =0
NPBAR = O
K=1
WL =0

M(JI) = 0; J=1(1)300
WOT 6: heading
print heading . |

3
RIT 9: I{K),A(K),B(K},JQ,JQL
11 = IK) b
¥ 1(x)-70 o print 1(K),A(K), ]
B(K),JQ,Jq1,11
]
=0 40
(s} p.C-3
v'7 )
SR = -A(K)
§C =0
W=20
K=K+ 1
NE = NE + 1]
RIT §: I(K),A(K),B(K),JQ,JQL 9

o i!1.\1'1111: I(K).A(K),
B{K),JQ,Jq1,I1
|

)

p.C-2
yvil
M(I1) = A(X)
K=K+1 16
17 1881 - 0.002}2 -
) WOT 6: I1,SR
17 N 18 |
fi¥_jsci_ - 0.00001 ———3{NC = WC + 1
o WOT 6: I2.,8C
PR 21 20 -
=0 75 w22 >{WOT &: 11,7
WD = WD + W

Avthur B Risde Fue.
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TAU = A(K) !
WB = B(K)
WS = 0 |
K=K+1 |
RIT 9: I(X),A(K),B(K),IQ,d 23, Y
o Lo sprint I(K),A(K
I-F-ﬁ;o Il P(K'),J?,JQ]., 1
5 5
[F alx)] print I(K),A(K),
F B(K),Jg,JQllII
4 26
K=K+1
RIT 9: I(K),A(K),B(K),-}’Q,JQ;H 27
5 - Tl L£0_Jprint (), ATK),
..____.__Il".._.@=0 3(K),J9,JQ1,I1
< i
N 28 29
(¥ A(K) - A(K-1) ]o—~——>print T(K),A(K),
> B(X), Jigl Jql, 11
01 3k
print I(K),A(X),

O

WS = W5 + (A(K)-A(K-1) N B(KB(K-1}

2 TAU

IF A(X) - TAU
=0

33 >0 34
LIFjwe - wst_-~ 0.01}—~— $: I1,TAU,WS

35
(W d )

B(X),JQ,JQ1, 11 |

’

NFPBAR = NFBAR +1

P- Li;-l
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print NE,NR,NC,NPEAR,WT
#OT 6 I‘E,HR \rc, zmm,

cse(d) = = 1-1)300
CSR(J) = ; J = 1(1)300
LCcSC = 0
NCSR = Q
r.:; - ¢
=1

CON = 1
an
7 ~y o nl k7 + -L“}
K = <0 20
L |, L€
- - S k-3
¥ [ - 1]
b u7
L.’*B K = K + 1
K=k s ge—2 g P
. >
49
J = I(K)

cse(J)

CSR(J) = CSR(J) - 3G-A(K)
= ¢8¢(J) + SG-B(K)

c-3

Arvthur D Little Inc.



]———-~‘> wo'r 6; J.35C(J) !

|NcSC = Nese - 1
.

53 —~
)1fIO"' t, u,C“F( )i
| NCSR = NCSE + 1 1
1

—N

lJ

Lirg

,
WOT 63 NCS c,r:coP‘

!
prirt NCOSC,NCSR!
=

B -

=

Lo
L lprint no-ice| !

]

S, ‘AN

I'RIT 9; REL,TOL,DTI,KWF,|
L_L"’EM’KS}.ZE:@ !

5
L} "2 "
KPF,TIM,T KSIZE,AL !

IF KSIZE |

8
HACALL FIFI

p-C-7

Rviver B Xittlv.Twe.
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.J!/
EZ = C
EN = O
FIN = O 5
IF ™ ________,_)[print notice §
=0 1
153
EZ + T7) xM{J);
J= 3(1)KSIZE
CALL FIFI
NR = O
T = 0O
KPC = %
KWC =
KXC = O
123 149
K=-1 WOT 6; heading
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